, where β corresponds to the propagation constant of the mode and α is a measure of the attenuation.
When the slab is sufficiently thin, the SP modes supported by the two opposite surfaces at y=0 and y=d couple to each other and symmetric and anti-symmetric SP modes are possible. The dispersion relations for the anti-symmetric and symmetric SP modes (with respect to E x ) are respectively [2]
Following [2] , a LHM operating in the microwave region and implemented by a combination of split ring resonators (SRRs) and thin wire arrays is considered in this work. The dielectric constant of the thin wire array is given by [4] 2 ( ) 1 ( )
where p f is the plasma frequency and γ is the electric damping coefficient. The magnetic permeability of the SRR can be expressed as
Here, 0 f is the resonance frequency and Γ is the magnetic damping coefficient.
As in [2] , p f , 0 f and F are chosen to be 10 GHz, 4 GHz and 0.56, respectively. For these values the medium acts as a LHM for frequencies between 4 to 6 GHz. In the case of a lossless LHM slab the propagation constant β decreases with increasing slab thickness for both symmetric and anti-symmetric modes as shown in Fig. 2 . This is contrary to the case of RHM slab. For a RHM slab, β increases with increasing slab thickness for the symmetric mode and decreases for the anti-symmetric mode [6] .
The effects of loss are considered next. Following [4] and [5] , γ=0.1 and Γ=0.3 GHz are chosen. The dispersion relations for the two modes in the presence of loss are shown in Fig. 3 . The attenuation is very high compared to the case of RHM. For example at 193.5 THz (1.55 µm wavelength) for a 40 nm thick silver film surrounded by air, the propagation length is about 130 times the free space wavelength. On the contrary, for the LHM under study, the propagation distance for the SP is about one free space wavelength or less over the frequency range where the material is a LHM. The usual approach for reducing the attenuation of SPs in the optical regime is to reduce the slab thickness. For a metal film surrounded by lossless dielectric media, when the film thickness is reduced, the symmetric mode suffers less attenuation [6] . We examine the applicability of the same technique for the LHM slab. While in LHM both dielectric and magnetic losses are present, we scrutinize the role of the two loss mechanisms separately. Two LHM slabs are considered, one having only dielectric loss (γ=0.1 GHz and Γ=0 GHz), and the other having only magnetic loss (γ=0 GHz and Γ=0.3 GHz). For these values of γ and Γ, ε 2 =−2.85+i0.77, μ 2 = −0.55 for the first slab, and ε 2 =−3, μ 2 =−0.47+i0.27 for the second slab at the frequency of 5 GHz. Here we present only results for the symmetric mode. We found that the asymmetric mode in LHM behaves like the asymmetric mode in a RHM, where it shows increased attenuation with reduced slab thickness. Figure 4(a) shows that when only dielectric loss is present, the attenuation is reduced with decreasing slab thickness. However, in the presence of magnetic loss the attenuation increases for thinner slabs. As a result, realizing a low loss LHM waveguide for SP requires a reduction of the loss beyond the values found here.
For the S-type SP on a lossless LHM slab, the H y and E x components are in phase and H z is out of phase with them. The power flow is then exclusively in the z-direction. In the presence of loss, the phase relations are changed, and the E x and H z are no longer completely out of phase. As a result, the power flow has a y-component, i.e. the SP loses power to radiation. This effect can be very significant in case of LHM when μ is complex. To assess this we define a factor
Here P y is the total power flow in the y-direction and P z is the total power flow in the z-direction. Fig. 4(b) shows the variation of η for the two cases. When only μ is complex, a significant amount of power is lost because of radiation. The effect is less severe when only ε is complex. 
Conclusion
It is shown that SPs propagating on a LHM slab suffer significantly more attenuation in the presence of loss compared to the SPs on RHM. The attenuation critically depends on the loss mechanism. These results can be useful in designing plasmonic devices based on LHM for practical applications.
